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Evidence of Mechanical
Interlocking of NiCr Particles
Thermally Sprayed onto Al Substrates
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Ni-chrome alloy particles were thermally sprayed onto aluminum substrates using the high-velocity air fuel
technique. The particle substrate interface was investigated with focused ion beam microscopy, cross-
sectional scanning electron microscopy, and cross-sectional transmission electron microscopy. No evidence
of melting or chemical bonding was found in the samples. Instead, evidence of mechanical bonding was found
that had been predicted by a previous theoretical study by Grujicic et al. At locations where the particle and
substrate are in intimate contact, the interface exhibited interlocking features. These features are caused by
the effects of turbulence due to interfacial instability and mixing at the interface during the coating process,
resulting in a strong particle-substrate bond. Conversely, separated interfaces exhibited smooth surfaces,
suggesting insignificant bonding between the particle and the substrate. The discovery of these interfacial
formations, together with no evidence of chemical bonding across the particle-substrate interface indicate
that mechanical interlocking is the dominant bonding mechanism.

Keywords adhesion of TS coatings, coating, influence of proper-
ties, substrate interaction

1. Introduction

Chemical bonding and mechanical interlocking are the two
main bonding mechanisms that have been proposed for thermal
spray coatings (Ref 1-4). Evidence of chemical bonding has
been found in thermal spray coatings in which the feedstock ma-
terial becomes molten or semimolten during the coating process.
For example, such bonding has been identified in coatings pre-
pared using plasma spraying (Ref 4-6), flame wire processing
(Ref 7), and high-velocity oxyfuel (HVOF) spraying (Ref 8).
However, it remains unclear which bonding mechanisms are
dominant when the feedstock remains unmolten during the coat-
ing process (Ref 1-4).

In this study, Ni-chrome alloy particles were thermally
sprayed onto aluminum substrates using the high velocity air
fuel (HVAF) technique. The HVAF thermal spray technique
uses kerosene and compressed air for combustion to accelerate a
powder feedstock onto a substrate. The HVAF system was origi-
nally developed as a cheaper alternative to the HVOF thermal
spray process. Initial studies suggest that coatings sprayed with
HVAF have the advantage of not exhibiting the oxidation or de-
carburization effects observed in HVOF coatings (Ref 9-11).
The HVAF technique is a low-temperature thermal spray pro-
cess compared with HVOF; their typical combustion tempera-
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tures have been estimated (Ref 12) to be 1870 and 2650 °C,
respectively. The gas cools as it leaves the combustion chamber
and expands into the nozzle where the gas jet achieves super-
sonic expansion. Hence, the gas temperature in the nozzle where
the feedstock powder is inserted is much lower than the gas tem-
perature in the combustion chamber. For a chamber pressure of
414 kPa (60 psi), the gas temperature falls to approximately
1300 °C in the diverging section of the nozzle (Ref 12), which is
below the melting point of NiCr powder (melting point
1400 °C). In addition, the contact time of the spray particles with
the gas jet is quite short (i.e., on the order of 200 ps for a particle
velocity of 700 m/s and a spray distance of 15 cm), and the par-
ticles will become only partially heated. As the spray particles
and gas travel from the gun to the substrate, the gas continues to
cool as it expands, resulting in particles with high kinetic energy,
but with low thermal energies.

The temperature of the substrate during the thermal spray
process depends not only on the temperature of the impacting
powder particles, but also on how much of the powder particle
kinetic energy is converted into thermal energy, as well as on the
additional heating associated with the gas jet. In this article, the
interface between the Ni-chrome particles and the aluminum
substrate (melting point 660 °C) has been investigated to deter-
mine whether interfacial melting has occurred and which bond-
ing mechanisms are present.

2. Experimental

The commercial Ni-chrome alloy powder (Ni80/Cr20, 5-45
um) supplied by Sulzer Metco was thermally sprayed onto pol-
ished aluminum substrates using an HVAF thermal spraying
technique (Ref 12). The gun was operated with a chamber pres-
sure of 324 kPa (47 psi), and the gun-substrate spray distance
was 15 cm. The individual splat samples shown in Fig. 1 were
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Fig. 1 An FIB secondary electron image of the aluminum substrate
sample with a low density of sprayed NiCr particles

achieved by passing the HVAF gun across the substrate at
speeds of 2 to 20 cm/s. It should be noted that passing the jet over
the substrate to produce the single-splat particles has the advan-
tage of lowering the exposure of the sample to the jet. A slower
passing speed or repeated passing of the jet over the sample
would allow the temperature to build within the sample. Hence,
higher temperature effects may be possible in more densely
coated samples.

The samples were investigated with an optical microscope, a
focused ion beam (FIB), cross-sectional scanning electron mi-
croscopy (SEM), and cross-sectional transmission electron mi-
croscopy (TEM). The FEI xP200 (FEI, Portland, OR) FIB miller
(Ref 13, 14) uses a focused beam of 30 keV gallium ions to scan
over the surface of a specimen. The gallium beam at low currents
(10-70 pA) can be used to produce high-resolution images of the
sample via secondary electrons emitted during ion beam speci-
men interactions; alternatively, at high currents (1000-7000 pA)
the beam can be used to rapidly sputter away the specimen. The
highly focused scanning gallium beam allows the very rapid
preparation of high-quality TEM cross sections to be milled.
Other TEM polishing and sectioning methods such as ultrami-
crotomy or tripod polishing were found to alter and distort the
samples, whereas the FIB milling process imparts very little
stress on the sample. The FIB has the added advantage that it can
mill at any location and from any orientation within a sample.
Hence, the FIB provides the user with the capability to produce
very thin (i.e., ~100 nm) sections at almost any desired location
in a sample that is suitable for TEM examination.

Very good-resolution images by TEM were obtained using a
Philips CM200 (Amsterdam, The Netherlands) with a 200 keV
field emission gun equipped with an energy-dispersive x-ray
system for elemental analysis. The SEM examinations were car-
ried out using a Phillips XL30S with a 20 keV electron beam and
a through-the-lens detector.

3. Results and Discussion

Figure 1 shows individual NiCr particles embedded in an alu-
minum substrate viewed using a FIB. Craters are additionally
observed where the particles have bounced off the surface.
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There are more bonded particles than craters, indicating that ef-
ficient coating has been achieved. The particles that have
bonded to the surface have a range of diameters (5-40 um) and
are mostly smooth, round particles with similar morphology to
the original powder, indicating that they have remained solid
during the coating process. The crater surfaces appear generally
smooth without any evidence of surface roughness or turbulence
effects that could occur during an impact.

Polished sectioned samples viewed with a scanning electron
microscope show that individual particles deform but stay intact
as they are embedded into the substrate (Fig. 2), indicating that
they remain below the melting temperature during impact. This
is consistent with nuclear reaction analysis measurements (Ref
15, 16) showing that the oxide content of the HVAF-sprayed
NiCr coating is not significantly greater than the oxide content of
the starting powder, which is indirect evidence that the particle
temperature is very low. Similar observations are found in the
cold spray process where similar features of the coating particles
are observed and the oxide content of the particles also remains
constant during the coating process (Ref 3, 17, 18). Conversely,
HVOF- or plasma-sprayed particles become fully molten or
semimolten during the coating process forming splats that ex-
hibit splash-type features in the coatings with increased oxide
contents (Ref 9-11). Hence, the nature of the HVAF deposition
process is closer to that seen in the cold spray process rather than
HVOF or plasma spray processes.

A range of features is observed at the interfaces of the HVAF-
sprayed Ni-chrome particles shown in Fig. 2. The three sections
chosen show different degrees of turbulence at the particle-
substrate interfaces. The term furbulence refers to the mixing of
particle and substrate material at the interface to produce inter-
locking features such as vortices or interfacial roll-ups due to
interfacial instability during an impact. Although the polishing
process could have introduced some of the discontinuities ob-
served at the interfaces, it is generally observed that closer con-
tact occurs at locations with turbulent effects at the interfaces,
whereas the interfaces are often separated at locations with
smooth surfaces. This indicates that strong bonding occurs at
locations with turbulent effects at the interface. In addition, the
mixing or turbulent features are more prominent as the particle
size increases.

Focused ion beam milling has been found to be an ideal tech-
nique for investigating interfaces that are buried several microns
under the sample surface in greater detail. Figure 3 shows cross
sections of embedded particles that were prepared by excavating
a selected area of spray-coated samples. The excavated areas
were selected to bisect the particle as shown in the inset images.
The result is a high-quality cross section of the embedded par-
ticle in the substrate. A region of the particle-substrate interface
is displayed in the larger images. Turbulent features at the inter-
face between the Ni-chrome particles and the aluminum sub-
strates are highlighted in the larger images. The turbulent inter-
facial features of the three different sized particles in Fig. 3 are
observed to be more prominent as the particle size increases.
This was also observed earlier in the polished cross sections
viewed by SEM in Fig. 2 and is consistent with the amount of
interfacial instability estimated by Reynolds number calcula-
tions (Ref 1). Because the Reynolds number is proportional to
the particle diameter, the amount of interfacial instability that
produces the turbulent features is also proportional to the par-
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Fig. 2 Cross-sectional SEM images of individual NiCr particles em-
bedded in an Al substrate with varying degrees of interfacial contact and
interfacial turbulence: (a) low level of interfacial turbulence; (b) medium
level of interfacial turbulence; and (c) high level of interfacial turbulence.
The particle diameters are (a) 14 pm, (b) 21 pm, and (c) 36 pm.

ticle diameter. This is consistent with the observation that the
size of the turbulent features observed in this study is propor-
tional to the particle diameter.
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The TEM image of the NiCr splat particle embedded in the
aluminum substrate shown in Fig. 4 was also prepared using
the FIB milling (Ref 13, 14). Figure 4 additionally indicates
the location at the particle-substrate interface of the higher-
magnification image and elemental maps displayed in Fig. 5. It
can be seen that the Ni-chrome particle and the aluminum sub-
strate are still joined together in this location, whereas at other
locations along the interface separation has occurred. The main
feature of the interface is an interlocking “jet” of aluminum ex-
tending approximately 100 nm into the NiCr particle.

To determine whether there are significant contributions of
atomic diffusion or surface adhesion occurring between the par-
ticle and the substrate, the interface region was investigated for
evidence of melting or recrystallization. A number of TEM im-
ages were taken from the interfacial regions of several particles
(e.g., Fig. 4 and 5), which show no evidence of alteration within
the Ni-chrome particle and the aluminum substrate, indicating
that no melting or recrystallization has occurred during the
spray-coating process. The TEM diffraction patterns of the alu-
minum substrate and the Ni-chrome particle adjacent to the in-
terface (examples are shown as inserts in Fig. 5a) revealed high-
angle crystal boundaries across the splat and the substrate
interface, indicating an absence of chemical bonding. In addi-
tion, there were no measurable amounts of diffusion across the
particle-substrate interface. Estimates of atomic diffusion ex-
tending less than 1 nm in typical cold-spraying conditions (Ref
1) suggest that diffusion would not be a dominant bonding
mechanism under these conditions. Hence, the lack of evidence
for interfacial chemical bonding and the observation of the in-
terfacial turbulence indicate that mechanical bonding is the
dominant bonding mechanism for NiCr particles that have been
thermally sprayed onto aluminum with HVAF.

For bonding to occur in thermal spray coatings, it is has been
observed that plastic flow and deformation occur in both the
spray material and the substrate material (Ref 1-3, 19-21). In
particular, the materials must be ductile or cosprayed with a duc-
tile material to allow plastic deformation to occur. Additionally,
the average particle velocity should exceed a minimum (mate-
rial-dependent) critical velocity, which suggests that the kinetic
energy must be sufficient to plastically deform the solid material
and/or disrupt the surface oxide film. The particle kinetic energy
at impact is typically significantly lower than the energies re-
quired for the particle to melt (Ref 1). The formation of the “sur-
face-scrubbing” jets and high contact pressures are generally
considered as prerequisites for good particle-substrate bonding.

Jets were first discovered in the very similar explosive weld-
ing process (Ref 20-25). However, these factors, while critical
for attaining clean particle and substrate surfaces and an intimate
contact between them, are not bonding structures. However, the
formation of the jets indicates that plastic flow is occurring at the
interface during the coating process. In certain conditions during
plastic flow, it has been predicted (Ref 1) that interfacial insta-
bility can lead to the formation of interfacial roll-ups and vorti-
ces leading to high-strength interfacial bonding.

Grujicic et al. (Ref 1) and Yih (Ref 26) have demonstrated
that an interfacial instability based on viscosity differences be-
tween the two flowing streams can grow during a collision event
to produce significant turbulence at the interface even for van-
ishing Reynolds numbers. Grujicic et al. (Ref 1) proposed that
bonding can occur through the interfacial instability-based
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Fig.3 Secondary electron images of three different NiCr particles em-
bedded in Al substrates, sectioned and imaged with an FIB. The larger
images show a region of the interface between the NiCr particle and the
Al substrate. The inset images at the bottom left of each image show the
whole sectioned surface and the location of the larger image. The par-
ticle diameters are (a) 11 pm, (b) 17 pm, and (c) 24 pm.

Journal of Thermal Spray Technology

——

Direction of
particle impact

Location of
_ﬁg 5 image

Fig. 4 Bright-field TEM image of an NiCr splat particle embedded in
an aluminum substrate. The location of the higher-magnification image
and elemental maps shown in Fig. 5 is additionally indicated. The par-
ticle diameter is approximately 12 pm.

mechanisms, which can lead to nano- and/or microlength-scale
mechanical material mixing/interlocking mechanisms at an in-
terface.

The dense NiCr particles sprayed onto soft aluminum sub-
strates have proven to be good candidates for investigating tur-
bulent effects due to the large difference in density (and kine-
matic viscosity) between Al (2.7 g/cm®) and NiCr (8.4 g/cm®). In
this study, the interfacial turbulence between NiCr particles and
aluminum substrates has been observed to range in size from 100
to 1000 nm. The turbulent behavior was observed to coincide
with stronger bonding at locations where the interface was well-
bonded, whereas the interface has separated at places where the
surfaces are smooth. The interfacial formations at well-bonded
interfaces suggest that mechanical interlocking is the dominant
bonding mechanism.

4. Conclusions

The interface between the Ni-chrome particles and the alu-
minum substrates has been investigated with FIB, cross-
sectional SEM, and cross-sectional TEM. Interlocking features
were found at certain locations along the particle-substrate in-
terfaces. Vortices of aluminum were found to extend 100 to
1000 nm from the substrate into thermally sprayed NiCr par-
ticles. The size of the turbulent features was proportional to the
particle diameter, which is in agreement with the amount of in-
terfacial instability estimated by Reynolds number calculations.

For mixing or turbulent behavior to occur, the spray-coating
material needs to be able to “flow.” This fits well with the ex-
perimentally observed prerequisites for producing good-quality
coatings by spraying with a minimum threshold of kinetic en-
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Fig. 5 An SEM image of the particle and substrate interface: (a)
bright-field image with diffraction pattern inserts of the NiCr particle
and the Al substrate, (b) Al elemental map, and (c) Ni elemental map

ergy and having to use ductile materials. The ductile materials
mean that they are capable of flow, and the minimum threshold
energy means that a certain flow is required before turbulent
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behavior and bonding is achieved. This type of bonding was pre-
dicted recently by Grujicic et al. (Ref 1).

In cross-sectional images of individual particles, it was ob-
served that strong bonding occurred at the interface where there
was turbulent behavior, whereas the interface has separated at
places where the surfaces are smoother. In addition, TEM inves-
tigations revealed high-angle crystal boundaries across the splat
and the substrate interface, indicating that no significant chemi-
cal bonding was occurring across the interface. The observation
of interfacial formations together with no evidence of chemical
bonding across the interface suggest that mechanical interlock-
ing is the dominant bonding mechanism for Ni-chrome alloy
particles that have been thermally sprayed onto aluminum sub-
strates using the HVAF technique.
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